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I 
 
SUMMARY 
 
Packaging is an important step of the production process that involves delivery of the final 
product to end users.  In particular, materials used in beverage packaging that deals with 
carbonated and non-carbonated drinks has shifted from glass and Aluminum to high performance 
polymers such as poly-ethylene Teraphthalate (PET) owing to their superior mechanical 
properties, ease of manufacturing and low cost.  For example, one can readily see the melt 
temperature is suggestive of the lower cost in manufacturing since glass has the highest of the 
three and polymers the lowest.  Even with the lower cost to process PET, the industry has 
evolved to further expand the gap.  One of the greatest pushes in this area is called “light 
weighting,” where unnecessary material is designed out of the package, saving weight.  Light 
weighting not only reduces the material usage but also minimizes impact on the environment; 
this has been a driving force behind substantial research in this area.  For design optimization, it 
is critical to evaluate the structural performance of bottles under different loading conditions. 
Injection stretch blow molding is a manufacturing process of PET that yields non-uniform 
thickness and material properties along the length of the bottle.  Understanding the behavior of 
PET, observing the changes in non-uniform thickness and material distribution are also key 
factors in assessing the design and structural performance. 
FEM was implemented to study the structural performance of PET bottle designs manufactured 
using ISBM under the conditions of bending and hoop stiffness (impacting hoop strength).  The 
behavior of a PET bottle under a top loading condition was analyzed using a FE model and 
validated experimentally.  The validated FE model was considered for bending tests and the 
effect of change in wall thickness on bending is reported.  To further study the bending of PET 
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bottle designs and see the effect of designs on bending, CAD models of four different finished 
parts were built using a novel 3D scanning technology and were imported for FE analysis.  The 
hoop strength tests were also performed on eight different designs with different processing 
histories using a specialized fixture.  A correlation between the stretch ratio and the wall 
thickness were also established which lead to further understanding of the structural performance 
of light weight bottles. 
The outcome of this work provides a procedure to study the mechanical behavior of PET bottles 
under conditions of bending and hoop deformation.  The effect of wall thickness and design on 
the bottle behavior under bending was also analyzed.  The 3D scanning technology that leads to 
a new way of CAD modeling is introduced and the imported designs were subjected to FE 
analysis. 
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CHAPTER I 
 
1. INTRODUCTION 
 
Packaging is an important part of production in delivering products to consumers [1].  Beverage 
packaging deals with packaging of liquid beverages such as water and flavored varieties, 
carbonated soft drinks, (CSD), juices, and milk.  Aluminum, glass, and paperboard were 
common materials which were used in this industry and recently many products have moved to 
polymers.  Now polymers are dominate packaging materials with PET leading that group.  Light 
weight, tough, and ease of manufacturing are a few criteria for choosing polymers in the 
packaging industry [2].  Polymers have complex mechanical behavior and their properties are 
process dependent [3].  The strengthening of polymers with second phases is done to improve the 
structural performance of the final product.  The properties of the polymers are being improved 
by reinforcing nano particles and other additives [4-6], optimizing the process parameters is also 
done to improve the performance [7].  To improve the structural performance, efficient design 
also plays a key role [1, 2].  Improving the structural performance by assessing the design, 
understanding the mechanical behavior and process parameters is ongoing research in packaging 
industry. 
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1.1 Polymers in Manufacturing and Packaging Industry 
 
Polymers are considered as wonder materials in industry.  Thousands of polymers have been 
made since the 18
th
 century.  Polymers vary in strength, glass transition temperature and its 
repeating unit in its molecular chains.  Today polymers have made an impact in all industries.  In 
the packaging industry, polymers take up to 70 % volume of products [8].  Polymers have 
applications ranging from light weight structures, textile industry, and extend to heavy duty 
applications.   
1.2 Mechanical Behavior of Polymers 
 
Polymers are natural or organic materials consisting of large molecules in chains and the 
mechanical properties of polymers are determined by strength of the chains that is on the 
intermolecular bonds.  These bonds depend on factors including chemical composition, Van der 
Waals force and hydrogen bonds.  Different mechanical properties are a result of different 
strength of these intermolecular bonds.  The properties of the polymer depend on type of 
polymer (structure related) which includes amorphous, semi crystalline, elastomers and 
duromers.  Polymers exhibit elastic, plastic and viscous properties.  Figure 1 shows the 
generalized stress strain curve of a typical polymer.   
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Figure 1: Generalized stress strain curve of a typical polymer. 
Elastic behavior for amorphous thermoplastics is explained by the displacement of atoms from 
its equilibrium position, during loading and relaxation of atoms, during unloading.  Young’s 
modulus (E) depends on the glass transition temperature (Tg); a low Tg value explains the low 
Young’s modulus of polymers when compared to other materials.  Above the glass transition 
temperature, the Young’s modulus decrease rapidly because sliding of the chains becomes easy.  
In semi-crystalline thermoplastics, the E values are slightly higher because of strong 
intermolecular bonding in the crystalline region.  The decrease in E near the Tg is less as sliding 
of molecules is initially restricted to amorphous regions, crystalline regions remain elastic 
longer.  In contrast to the above, the elastic properties of elastomers and duromers depend on the 
additional covalent cross links; these crosslinks play a major role beyond Tg, elastomers exhibit 
hyper elastic properties at higher temperatures.  Duromers have high density cross linking; hence 
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they have high elastic properties compared to other polymers.  Figure 2 shows the temperature 
dependence of Young’s modulus for different polymers. 
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Figure 2: Temperature dependence of Young’s modulus (a) Amorphous thermo plastic (b) 
Semi crystalline thermo plastic (c) Elastomers (d) Duromers [9]. 
Plastic deformations of polymers are explained by sliding of the chains along each other for long 
distances, in this process the molecules have to overcome thermal activation energy, hence 
temperature plays a key role.  Polymers can deform by crazing and formation of shear bands 
created at an angle between 45
o 
and 60
o
 to the loading direction [10-13].  Crazes are generally 
initiated at surface defects like impurities and scratches.  Stress concentration is slightly more in 
these regions upon loading; hence the plastic deformation starts in these regions and causes local 
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necking and formation of cavities.  The material between these cavities is heavily loaded and 
undergoes plastic deformation and the fibrils between the cavities form crazes, the crazing by 
cavitation is mostly formed under hydrostatic tensile loading.  Shear bands are formed under 
compressive load, within these bands are large plastic deformations.  In semi-crystalline 
thermoplastics, the plastic deformation starts in the amorphous regions by lengthening.  Later the 
crystalline regions rotate and molecules orient in the loading directions.  Upon loading further, 
crystalline regions break into blocks and deform.  Figure 3 shows the plastic behavior of semi-
crystalline polymers.  Elastomers and duromers undergo very small plastic deformations because 
the cross links on the chains prevent sliding motion.   
 
 
 Figure 3: Plastic deformation of semi crystalline polymers [10]. 
The elastic and plastic behavior of polymers depend on time, their behavior is neither completely 
solid nor completely liquid.  It is in the intermediate region.  Hence, they are termed as 
viscoelastic and viscoplastic.  Polymers when stressed below the yield strength, σ, strain 
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increasingly until a value ɛo, showing elastic material properties.  As time increases, the polymer 
shows time dependent properties.  Bond stretching is the cause of the elastic response.  Uncoiling 
of the chains and slipping of the chains explains the time dependent response and viscous 
response.  Polymers show the same behavior during unloading.  Recovery is instantaneous 
initially and slow after prolonged time.  At small strains (up to 0.3% strains and 100 seconds) 
polymers are generally linearly viscoelastic, and at high strains they behave as a nonlinear 
viscoelastic material [14].  Creep is the tendency of a material to deform slowly on the 
application of constant load over time and relaxation is opposite of creep behavior, it describes 
how the polymer relives stresses under constant strain [15].  Creep properties depend on 
microstructure [14, 16].  Crystalline polymers exhibit lower creep properties, and duromers and 
elastomers (because of large chain molecules) show higher creep properties.  
1.3 Constitutive Models for Creep and Relaxation 
 
To explain the physical behavior of any material in a mathematical way, constitutive models 
were developed.  General mechanical models of elasticity cannot be used to describe the creep 
and relaxation behavior in a polymer; more complex models are emerging to explain this 
behavior.  Maxwell, Kelvin Voigt, four parameter models and an empirical power law model are 
the renowned mechanical models to explain creep and relaxation behavior. 
The Maxwel model has a Hookean spring and a Newtonian dashpot in series as shown in Figure 
4.  The Hookean spring explains the elastic behavior and the dashpot provides viscous behavior.  
In stress relaxation experiments, the system is subjected to axial loading during which the spring 
undergoes the initial deformation and the dashpot relaxes after a certain time, allowing spring to 
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contract.  If E is the modules of spring, η is the viscosity of the dashpot, the equation of system is 
governed by 
 
 
1. 1 
     for Spring        and     for dashpot.  The solution for the above equation is  
 
 
1. 2  
E
η
 
Figure 4: Maxwell model [17]. 
The Kelvin Voigt model also has a Hookean spring and a Newtonian dashpot, but configured in 
parallel as shown in Figure 5.  Under constant load, the spring strains initially but the friction in 
the dashpot provides resistance to the strain and causes it to increase with time.  The strains in 
two elements are equal and stress is the sum of the stresses in two elements.  
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Figure 5: Kelvin Voigt model [13, 17, 18]. 
 
 
1.3 
In the two models abovementioned, the viscoelastic behavior of the polymer can be explained 
but, polymers also exhibit viscoplasticity which cannot be explained by the Maxwell or Kelvin 
Voigt models.  A four parameter model explains the behavior of time dependence of plasticity.  
Figure 6 explains the setup of a four parameter model.  On loading, the spring of stiffness E1 
elongates, followed by spring with stiffness E2, followed by dashpot with viscosity η2 and then a 
dashpot with viscosity η3 elongates.  The total elongation is the summation of the elongation of 
three parts  
 
 
1.4 
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Figure 6: Four parameter model [19]. 
During recovery, the creep is recoverable, except for the dashpot η3.  The reduction on elongation 
is ( .  The creep recovery equation is  
 
 
1.5 
The Power law Model, is an empirical model to model creep, the creep strain rate εcr depends on 
the uniaxial equivalent stress q and time t 
 
 
1.6 
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Where A, n, m are dependent on temperature and need to be determined, limitations for these 
values are in table (1).  If the material is isotropic or orthotropic, q corresponds to a misses 
equivalent stress and the Hills orthotropic deviatoric stress [20].  
A >10
-27 
n >0 
m -1 < m <0 
Table 1: Limitations of power law parameters [21]. 
The Hills deviatoric stress function is 
 
 
1.7 
where q(σ) is the equivalent stress and F, G, H, L, M and N are constants extracted from 
experiments.  For Equation 1.8 
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the variables Rij are orthotropic stress ratios.  These ratios must be defined in each direction [21].  
However, the ratios have limitations, in a deviatoric stress plane the yield surface must be a 
closed surface which yields to a constraint  
 
 
1.9 
When creep strain rates are constant in all directions, Rij describes the ratio of current stress and 
equivalent stress as in equation 1.10: 
; ;  
; ;  
1.4 Polyethylene Terephthalate [PET] 
 
Polyethylene Terephthalate, a semi crystalline thermoplastic is made by a condensation reaction 
of ethylene glycol with terephthalic acid or dimethyl terephthalate [22].  The main criteria in 
determining the properties of PET are the molecular weight and crystalinity.  PET can undergo 
strain induced crystallization and biaxial orientation on stretching which effects the properties.  
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A great deal of research has been carried out to study these affects using techniques ranging from 
tensile testing to X ray scattering [23-32].  General properties of semi-crystalline PET includes 
high stiffness, Young’s modulus; good electrical properties, chemical resistance and 
transparency. 
PET, because of its physical properties and chemical inertness is used for wide range of 
applications.  Its applications are being increased over the last decade and expected to increase 
further.  Figure 7 shows the consumption of PET over the decade.  Of all the applications, PET 
has considerable significance in the water bottling industry, 92% of the water bottles are made of 
PET [33] 
MM LBS
 
Figure 7: Consumption of PET from 1990 to 2013 [33]. 
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1.5 Injection Stretch Blow Molding (ISBM) 
 
Injection stretch blow molding is a manufacturing process which is used to produce hollow 
objects with bi axial molecular orientation like plastic bottles.  PET resin pellets are dried at 
165
o
C to reduce the moisture content which reduces the molecular weight.  The dried PET 
pellets are compressed and melted at about 290
o
C in a rotating screw of an injection molding 
machine.  The molten PET is injected by means of a hot runner into the mold, by using high 
cooling rates to get an amorphous preform.  In one stage ISBM, the injection and blowing 
processes are performed on the same machine, the preform temperature is adjusted for an 
optimum blowing level which is about 95-120
0
C at the condition station.  At a blowing station, 
the hot preform is placed in the mold, a stretch rod is inserted through the neck of the preform, 
stretches the preform and simultaneously high pressure inflates the preform causing biaxial 
orientation.  Finally the rigid bottle with an injection molded neck finish is obtained.  In a two 
stage ISBM, injection and blowing processes are performed in two different machines; the 
preforms produced are cooled and stabilized before the blow molding stage.  The preform is later 
heated above the recrystallization temperature and divided into different zones using lamps fixed 
in the blowing machine.  Different zones are heated to different temperatures and the lamps 
control the temperature, the temperature control at different zones is an effective factor in 
determining the distribution of material during blowing.  The heated preform undergoes 
stretching and blowing simultaneously to take the final shape of the mold.  Figure 8 shows the 
ISBM process. 
The performance of the final part depends on the intermediate processes which govern the 
molecular arrangements and microstructure, they change in each stage.  During injection 
molding, the molecules are somewhat aligned in the direction of injection, the orientation 
14 
 
changes along the thickness of the preform.  The molecular orientation and crystallization mainly 
depends on cooling time and mold temperature.  During the stretch blow molding process the 
preform molecules undergo strain during stretching.  During blowing, the molecules undergo 
biaxial strain.  In making PET bottles, under biaxial strain, PET molecules change from 
amorphous to partially crystalline.  This phenomenon is knows as strain induced crystallization.  
The orientation and crystallinity of the molecules changes along the length of the bottle.  Figure 
9 shows the orientation map along the length of the bottle. 
 
Figure 8: Stretch blow molding process [84]. 
 
15 
 
 
Figure 9: Orientation map along the length of bottle [34]. 
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CHAPTER II 
 
2. PROBLEM DEFINITION 
2.1 Motivation  
 
Plastics have a major role in the beverage packaging industry, of which PET takes the lead, 
mainly in liquid beverage packaging [3, 8] due to its chemical inertness and physical properties.  
It has major share in plastic bottles and is also used in other nonfood packaging [35]. 
Injection stretch blow molding is a commonly used manufacturing process for making plastic 
bottles, in which it yields non uniform thickness and material properties along the length of the 
bottle.  In this process, typically 70-75% of total production costs of bottle are material costs [36-
38].  Due to its dominant share, the packaging industry is focusing to reduce the material usage.  
Over the past decade, the bottling industry has moved from a 21 gram to 9.2 gram package 
which is about a 60% reduction in the amount of polymer [39], light weighting not only drives 
reduction in material usage but also reduces its impact on the environment.  After production, 
bottles are stacked in layers (filled or empty), stored in ware houses and transported to different 
locations.  During this process the bottle undergoes different loading conditions.  Figure 10 
shows how bottles are stored and subjected to bending, efficient design is required to overcome 
different loading conditions.  The deformation behavior of plastic bottles in its useful life is a 
function of the shape, material characteristics, process parameters, geometry and loading 
conditions [40].  Hence we need to study the performance of the bottle design considering all the 
17 
 
above parameters.  Apart from the structural performance, the hoop strength is one of the criteria.  
Considering the complications and requirements, a proper approach was needed to understand 
the various aspects of design.  The finite element method was validated to solve complex 
engineering problems like crash simulations and many other complex problems like bio 
simulations [44-48].  It is applied even in beverage packaging industry 
 
Figure 10: Bottles stored in warehouses. 
2.2 Finite Element Method 
 
The complex engineering problems are represented in a mathematical way, in the form of partial 
differential equations and integral equations.  The finite element method is a numerical method 
of finding solutions to partial differential equations and integral equations.  The primary idea of 
FEM is to break up the continuum problem to discrete problems.  The primary criterion is to 
form the equations from the original problems reducing the numerical complexity and error.  
Creating the stiffness matrix, the application of loads considering the boundary condition from 
the equations developed is the next challenge.  It is followed by solving the equations and getting 
the solutions.  Several numerical models [41-43] have been developed to define the equations, 
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high technology in computer hard ware and commercial codes from software packages solve the 
complex equations with ease.  Care must always be used in interpretation of solutions. 
 2.3Literature Review 
 
Over a few decades, finite element analysis was used to solve problems in the beverage 
packaging industry.  A review of FEM works in the bottling industry is presented in this study, 
focusing mainly on structural performance of bottles.  After a thorough study, the FEM works in 
bottling industry are classified into four classes.  
1. Modeling polymer behavior  
2. Preform optimization 
3. Stretch Molding simulation 
4. Structural performance  
2.3.1 Modeling polymer behavior and their mechanical properties 
 
Polymers when subjected to loading undergo molecular orientation, which constitutes to 
complex mechanical behavior.  This mechanical behavior which leads to material properties are 
the primary input to any complex finite element problem.  Modeling this material behavior is a 
key factor.  Over the past few decades, the behavior of polymers has been studied by several 
researchers.  
Amoeedo and Lee, 1992 [49] assumed that the stress is dependent on strain rate, temperature and 
a set of internal variables and developed a constitutive model to study yielding, strain softening, 
hardening on amorphous polymers, and study the intial visco plastic and nonlinear hardening of 
semi crystalline polymers.  Aruda and Boyce in 1993 [50] conducted tests on PC, PMMA and 
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developed a 3 D constitutive model to predict a flow strength and deformation behavior of 
anisotropic material.  Vigney et al., 1999 studied the visco plastic behavior of amorphous PET 
during the stretching process and developed a constitutive model to predict the stretching 
behavior of PET.  Dommelan, et al., 2003 [51] considered different models for different phases 
of semi crystalline polymers and developed a macro mechanical based constitutive model to 
model the elasto viscoplastic deformation, and texture evolution of semi-crystalline polymers.  
Colak and Dusunceli, 2006 [16] utilized visco plasticity theory based on over stress and 
developed a model to study visco elastic and visco plastic behavior of HDPE under uniaxial 
monotonic and cyclic loading.  Hasanpour and Rad, 2008 [52] developed a model to predict time 
dependent material properties of polymers, the same model was implemented to study the 
friction in polymers during compression testing.  Modeling the complex behaviors including 
rheological, residual stresses, microstructure, and viscous nature of polymer composites are also 
studied [53-59]. 
2.3.2 Preform optimization 
 
The “preform” is an intermediate part in the bottle making process, the performance of bottle 
depends first on the quality of its preform.  Optimization of preforms is also important in bottle 
making.  Studies were performed by researchers to optimize preform shapes. 
Lee and Soh, 1996, [60] developed a finite element optimization method to determine the 
optimal preform thickness to obtain a required blown part of particular thickness.  The finite 
element was based on a thin membrane approximation.  The results were validated with 
published experimental results and computer simulations.  Thibaulte et al., 2007 [61] , developed 
a new design approach to predict optimal preform geometry for the given processing parameters 
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and optimal processing parameters for a particular preform geometry.  The gradient based 
optimization algorithm which iterates over predictive FE software automatically was used.  Wei 
et al., 2010 [3], performed a simulation study on reduction of preform weights using blow view 
software in terms of process ability and product quality.  The weight of the preform was reduced 
by reducing the thickness.  By reducing the preform weight, reduction in the end cap (end cap-
injection gates in the preform) was observed and the end cap center was off centered.  The effect 
on product quality was not justified. 
2.3.3 Blow Molding 
 
PET is process dependent; several attempts were made to study the process dependent 
parameters of PET.  Thorough understanding of material behavior during blow molding is 
required for optimizing the bottle dimensions and material distribution.  Hence equivalent finite 
element models for blow molding processes have been developed by researchers over the past 
two decades.  The thorough understanding of material behavior of polymers is required while 
building the models for blow molding. 
Mc.Evoy et al., 1998 [62], used Germain material model (Germain, et al., 1989) [63] simulated 
bottle molding process in ABAQUS.  Wall thickness measurements were in correlation with 
experimental results, but the blowing rates considered and stretch rod displacements were lower 
when compared to experimental results.  Venkateshwaran et al., 1998 [64], worked on stretching 
experiments of PET films and could predict the mechanical behavior during the stretching 
process.  The film data was extrapolated on actual blow molding process.  Wang and 
Mackinouchi, 2000 [65], reduced computational time for blow molding simulation by 
developing a set of contact search algorithms; these are implemented in finite element codes used 
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to simulate the blow molding process.  Marckmann et al., 2001 [66], developed a dynamic finite 
element procedure to simulate blow molded and thermoforming of thermoplastic parts.  Yang et 
al., 2004 [7], performed a coupled temperature displacement finite element analysis using a 
Buckley glass rubber model [67] in ABAQUS to predict the thickness distribution and strain 
along the length of the bottle.  The heat transfer between stretch rod, preform and mold were 
considered during the analysis and failed to impose strain induced crystallization.  Sistala, 2010 
[68], used a Dupiax-Krishnan [69] material model and performed simulations in ABAQUS to 
study the effect of the change in temperature, stretch rod displacement and rate, pre blow and full 
blow pressures on stress strain behavior and wall thickness distribution of the bottle. 
2.3.4 Structural performance 
 
Preform optimization and blow molding simulations yields an optimized bottle design.  
Assessing the structural performance when subjected to different loading conditions plays a key 
role after the bottle is obtained.  Finite element analysis is being used by the researchers to study 
the structural performance. 
Dijk et al., 1998 [70], studied the lateral deformation of plastic bottles due to internal vacuum, a 
phenomenon called paneling.  The performance was checked for both round and square bottles.  
Deformations were related to initial head space in the bottle.  Finite element analysis was also 
used apart from numerical and experimental methods to determine the deformations.  Paneling 
can occur until the deformation is unable to compensate the head space.  The addition of ribs to 
symmetric round bottles can reduce paneling but, square bottles show better performance 
without ribs, it is easier to minimize paneling in square bottles than in round bottles. 
22 
 
Karalekas et al., 2001[40], conducted numerical and experimental investigations to study the 
deformation behavior under columnar crush loading of plastic containers used to store agro 
based chemicals.  A nonlinear elasto plastic analysis was carried out using ABAQUS to observe 
the stress concentration areas and deformations.  The most stressed areas and the plastic 
deformation areas were found based on the yield stress values of PET material.  The numerical, 
experimental results were correlated and finite element analysis could successfully evaluate the 
performance in its early phase of design. 
Masood et al., 2006 [71], developed a design of 15 L water cooler bottles.  The main criteria 
were to develop recyclable and collapsible PET bottles to replace existing refillable 
polycarbonate bottles.  They followed a finite element approach to perform the structural 
analysis of two bottles under different loading conditions and orientations.  There was no 
predetermined method to solve the criteria, so a trial and error method was employed.  The 
proposed design reduced the weight by 200 grams (24%) and improved the structural stability. 
Demirel and Dever, 2009 [72], worked on carbonated bottles.  Carbonated bottles due to high 
pressures inside are subjected to environmental stress cracking (ESC) mainly at the petaloid 
base.  The experimental study based on numerical modeling and stress cracking as a function of 
key design parameters was employed to get an optimized geometry resisting ESC.  The 
experimental study generated various geometric combinations and these geometries were 
incorporated in CATIA for simulating stress distributions and an optimized base with the least 
stress cracking was proposed. 
Chittepu et al., 2009 [73], used LS dyna as a finite element analysis tool to check the structural 
performance of plastic bottles during labeling.  The labeling process is performed at high speeds 
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(in excess of 1000 bottles per minute) and hence high deformations were expected.  Before 
dealing with the high speed labeling, the initial steps was to modeling water particles and 
understanding the physics associated with water, and validating the top load performance.  Three 
approaches were evaluated and implemented in LS dyna to consider water (liquid physics).  First 
was a control volume (CV) approach which takes a compressibility effect into account, no liquid 
particles are modeled and it is the least computationally expensive.  The top load of filled bottles 
can be modeled using this approach.  Second was a smoothed particles hydrodynamics (SPH) 
approach, this accounts for inertial effects between water and air but fails to determine the 
compressibility effect.  The last one was an Arbitrary Legrangian Eularian(ALE) approach.  Here 
liquid particles were modeled using Eulerian elements and computationally expensive drop 
impact testing can be modeled using this approach.  The top load of empty and filled bottles was 
validated with experimental results using the CV approach.  Both the CV and SPH approaches 
were combined to study the performance of bottles during labeling.  Figure 11 shows the 
comparison of simulation and experiments.  
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Figure 11: Top Load comparision of simulation and experiments [73]. 
Sumit Mukherjee, 2010 [74], developed an analytical approach to study top load and side load 
performance of oval containers.  Virtual prototyping was used to implement the material 
properties and thickness distribution along the length of the bottle in FEA.  The study proved that 
the containers which were preferentialy heated during molding (preferential heating- changing 
the lamp spacing in the molding process according to the asymmetric design and non-preferential 
heating is using the common lamp spacing for all designs) have uniform thickness distribution 
(0.3mm-0.4mm) and showed high empty and filled top load performance but less squeeze 
strength.  Non-preferential heated containers have non-uniform thickness distribution (0.4mm-
0.6mm) and showed low empty and filled top load performance and more squeeze strength. 
Ing et al., 2010 [75], developed an integrative approach to check the performance of injection 
stretch blow molded PET bottles.  The stretch ratios were correlated with stretch ratio dependent 
material properties.  The wall thickness and stretch ratios were determined by process 
simulation, these were used as input for the structural analysis.  The developed integrative 
25 
 
approach (The approach in which process dependent material properties and wall thickness were 
used in the model) was compared with the conventional simulation approach.  The results of the 
integrative approach were more comparable to the experimental results than the conventional 
approach results.  The integrative approach was more accurate for empty bottles than filled 
bottles; filled bottles showed slight deviation but could predict the failure mode accurately. 
Figure 12 shows the results of conventional and integrative approach. 
 
Figure 12: Top Load comparision of integrative approach,conventional simulation and 
experiments[75]. 
Overall, studies have been focused on material modeling, preform optimization, process 
simulations and structural performance.  Assessing the structural design features of bottles under 
service loading has not received much focus.  Moreover, bottles are even subjected to bending 
during transportation which is one of the problems in light-weight packaging, hoop strength, 
similar to squeeze strength, of the bottle was not generally studied by researchers. 
Understanding the design features based on the deformation of the bottle helps to improve the 
features of the designs.  Figure 13 shows the different features of the bottle. 
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Assessing the design features of the bottle; studying the bottle subjected to bending and its effect 
with change in wall thickness and designs; and studying the hoop stiffness of different bottle 
designs were the primary focus here.  Apart from that, stability (structural performance) of light 
weighting of bottles by correlating stretch ratios and thickness values are discussed. 
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Figure 13: Features of a bottle and approximate dimensions of 1liter and 0.5 liter bottle.
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CHAPTER III 
 
3. MATERIALS AND METHODS 
  
The importance of assessing the design features of the bottle as discussed in the previous 
sections motivates us to develop standard procedures in fulfilling the required aims.  A lack of 
CAD models of all the designs provoked us to use 3D scanning technology and develop our own 
procedure to build CAD models from finished parts.  The absence of equipment and test 
procedures to perform hoop strength measurements provoked us to build a test fixture to develop 
a procedure.  In addition, uniaxial compression tests were also performed using an INSTRON 
machine in order to validate FEM results and a Magna Mike was used to measure thickness 
along the length of the bottle.  
3.1 3D scanning Technique 
3.1.1 Equipment: 
 
3D scanning is a technique which analyzes the object with its color, shape, and size.  The main 
principle behind this is the laser emits rays which identifies the object from reflection and 
couples the distance results with a color image.  A range of techniques including laser 
triangulation and laser time of flight were used for 3D scanning.  Research is being done to 
improve and provide algorithms [76-78].  A Next Engine 3D scanner was the equipment used in 
this research as a 3D scanning tool.  This is a compact scanner of dimensions 229 X 101X 
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279mm (9X 4
 
X 11
”
) weighting 15.4 kg (7 lbs)  It has four lasers, two 3.0 mega pixel cameras 
and two lights to capture the image. 
lectro optical architecture and refined algorithms were used to get an array of lasers to scan in 
parallel with 0.1 mm (0.005
”
) accuracy.  It has macro and wide precessions.  Macro precession 
gives an accuracy of 0.1 mm (0.005
”
) and the object should fit in 76 X 127 mm (3”X5”) area 
[limitations of size of the object]; wide precession gives an accuracy of 0.3 mm (0.015
”
)
 
and the 
object should fit in the range of a 254 X 330 mm (10”X 13”) area [limitations of size of the 
object].  Figure 14 shows the typical set up of 3D scanner. 
Object Placed here
Auto Positioner
3D scanner
 
Figure 14: 3D Scanning setup. 
3.1.2 3D scanning method 
 
3D scanned images were acquired using the Next Engine 3D scanner.  Scanning is of three types 
first is a single scan where the scan is made at one angle, next is a bracket scan where the scans 
are made at three consecutive angles, and we get a part of the object and the final one is 360
o
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scan, where the complete 3D object can be obtained.  Figure 15 outlines the scanning procedure.  
The 360
o 
complete scan was used in this research to obtain complete images of the bottles.
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Figure 15: Procedure for scanning. 
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3.1.2.1 Surface Preparation 
 
The scanner identifies the object using reflection of lasers so, if the object is transparent the rays 
pass through the object and no reflections are gathered.  Hence, the objects were colored.  RUST 
OLEUM paint of white color was used to paint the bottle and different colored markers were 
used for aligning the multifamily scans.  The objects should not be glossy so, magnetic flux, talc 
powder was usually used to provide the rough finish.  In this study the spray paint itself provided 
the rough finish to the objects.  Markings are made on the bottle for alignment purposes.  Figure 
16 shows how the bottles are pained and typical markings. 
 
Figure 16: Surface preparation of bottles. 
3.1.2.2  Scanning Procedure 
 
Scan studio is supporting software to the 3D scanner.  Figure 17 shows a snapshot from the 
software.  The Object was placed on the auto positioner and area of interest was selected by 
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highlighting the area as shown in the Figure 17, next the type of scan was selected, 360 was used 
in scanning the bottle.  Next, selecting the number of divisions indicates the number of rotations 
the auto positioner takes for a 360 degree scan.  16 was used in our case.  Points/inch
2 
indicates 
the quality of the image--more number of points captured greater the accuracy; HD (17K 
points/inch
2 
) was used in our case.  The target was selected based on the color of the object and 
environment where the scanning is being done.  In this study neutral was selected as the scanning 
was done in the closed room and at minimal light exposure.  Range/ precession is selected based 
on the size of the object and accuracy of the scans.  In our case, “wide” range was selected and 
the object was placed 17 inches from the scanner.  After setting up all the above parameters, 
scanning was started.  The object was oriented differently to capture the missing areas.  Hence 
we obtained different families of scans for different orientations of the object.  The next step was 
to improve the image quality trim, polish, and fuse were a few options provided in the scan 
studio software to improve the final quality of the image. 
 
Figure 17: Snapshot of 3D scan software. 
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Trim: 
Trim is an option in the scan studio software.  While selecting the area of interest, the part 
gripper was also often selected; hence we obtain unwanted areas.  The unwanted areas were 
selected using the available tools in the trim option and were deleted.  Scan families were 
trimmed individually before the alignment step.  An "auto trim" option was also available, it 
detects and removes unwanted areas that were captured at a steep angle relative to the line of 
sight of scanner [80].  In scanning the bottle, the manual trim option was used in order to prevent 
data loss in auto trim. 
Alignment: 
The aligning tool not only aligns single images but also aligns multiple families.  During the 
initial stages of research, the individual images were aligned using manual selection of common 
areas but over a period of time the software was being updated and the individual images were 
auto aligned.  Multiple family scans were aligned identifying the common locations.  The 
alignment screen would split into two parts one part is aligned family and the other part is 
unaligned as seen in Figure 18.  Using the alignment marks made during the surface preparation 
the two multi families were aligned placing three pins at the common locations. 
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Figure 18: Alignment of multifamily scans. 
Fusing: 
Fuse is an option in the software which was used to merge, re-mesh, fill holes and simplify the 
aligned image.  The tolerance was selected and it performs simplification at required areas, more 
data is gathered at complex shapes and it simplifies the data at large planes.  The tolerance used 
in this study was 0.0025”. 
Polish: 
Polish is an option in the software which was used to fill the holes which were left during 
scanning.  The holes are automatically detected once the polish option is selected.  The options 
include flat filling, smooth filling, and curvature filling.  After polishing the model, the defects 
needed to be cleaned; the clean defect option automatically identifies the self-intersecting 
meshes.  Once we follow the steps of aligning, fusing and polishing the 3D scanned image can 
be exported to other available software. 
35 
 
3.1.4 Converting 3D scanned image to CAD and importing to FE 
 
Extracting a CAD model from a finished product was important due to the absence of the CAD 
models.  Extracting the CAD models from the bottles and importing them to FEM software 
without loss of data was a part of the project.  RapidWorks software which is a comprehensive 
tool to convert scanned images to CAD software making the models parametric was used.  
Figure 19 shows the outline of the converting procedure.  The initial step would be importing the 
scanned image to RapidWorks which is a direct step.  The saved 3D scanned image will be in 
“.scn” format and this directly opens in RapidWorks.  The scan tools like trim, polish are 
available even in RapidWorks so, once the image is imported in RapidWorks the defects are 
cleaned and polished. 
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Figure 19: Procedure to import scanned image to CAD. 
Mesh Build up Wizard: 
This is an option in RapidWorks software.  This option is available in scan tools, this command 
is an interface to create a defect free and water tight mesh model from raw scan data [81].  
Initially the unwanted data was deleted by selecting the poly vertices per noisy cluster, 100 in the 
case of a bottle.  The next step was to create triangles and merge them as a single mesh.  The 
density of the mesh is in between dense and sparse.  The final step is then finalizing the mesh 
which enhances the mesh quality.  Figure 20 shows the image after the mesh build up wizard tool 
was used. 
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Figure 20: Quality of image after mesh build up wizard. 
 
Solidify: 
After creating water tight mesh model [no holes], surfaces were created on the model using an 
auto surfacing option, the number of surfaces depend on the quality of the scan, 2000 surfaces 
were used for all the models here.  Patch size regularity which controls the regularity of a patch 
was uniform.  The relax initial mesh option was selected to get uniform surfaces.  The geometry 
capture accuracy that controls the degree of resemblance of the created surface with original re 
constructed model was tight [81].  The surfaces must be checked for defects in body tools and 
the check defect option automatically cleaned defects once they were detected.  After creating 
surfaces, an export option was selected, and files were exported as an IGES or .STP format.  
Once the model is saved in IGES or .STP format they can be imported as CAD or FEM. 
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3.2 Hoop Strength measuringTechnique 
3.2.1 Fixture Design 
 
The hoop strength of the bottle determines how the bottle undergoes deformation upon holding 
the bottle, which was initially hard to quantify.  Moreover there were no standard procedures 
available to measure hoop strength.  To perform the hoop strength testing of the bottle, the 
fixture was designed at Oklahoma State University* and a standard test method was developed 
using that fixture.  The principle behind the design was considering the bottle as a thin walled 
cylindrical structure and the hoop stress and longitudinal stresses were calculated using the 
equations 3.1 and 3.2 respectively [79]. 
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3.2 
The two considerations for the design were, the materials used for this fixture must be corrosive 
resistant and the fixture must fit on an INSTRON machine.  The final design was developed 
making improvements to the initial attempts, finite element analysis was performed to the final 
design in Pro-engineering software to observe the stress concentration areas.  Figure 21 shows 
the final design in Pro-E.  However, the mass attached to the rope was eliminated after the 
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fixture was set up on the Instron.  Instead the belt was extended and fixed on the other end Final Design
Figure (4): Exploded view of assembly model in PRO-E
Pulley
Pulley
Roller 
Guide
Roller Guide
To Instron
Belt
6
 
Figure 21: Final design of fixture for testing hoop strength of bottle. 
 
The final set up of the fixture is shown in Figure 22.  The fixture was bolted on an INSTRON 
machine using four 3/8”- 16 bolts; the bottle was placed on a base plate, different plates were 
made for different sizes of bottle; the Kevlar belt passes around the bottle, through the gaps 
provided on a wedge.  Oone end of the belt is connected to the rope and the other end is fixed 
between the plates.  The rope from the belt goes around the pulley and connects to the nut-bolt 
which itself is fixed to the top load cell of the Instron machine. 
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Figure 22: Fixture setup on an Instron. 
 
3.2.2 Test procedure 
 
The primary aim was to develop a standard procedure using the developed fixture, compare the 
different designs and compare several bottle designs.  The bottle samples used in the experiments 
were of different designs with different processing history.  The main difference in designs is the 
change in shape of the ribs, design (G) is having columns near the waist, designs (A, C, and E) 
have deep ribs and designs (F, D, and B) have less deep ribs.  A test procedure was developed to 
check the hoop strength and rank the designs based on performance.  All the designs were tested 
at the waist location shown in Figure 23. 
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Figure 23: Modified fixture with point load application. 
The experimental set up is shown in the Figure 22.  The load displacement curves for each bottle 
design were plotted and the slopes in the elastic regions of the curve were measured.  Stiffness of 
the designs was obtained by the slopes.  The initial tests were conducted at 2mm/min strain rate 
till the displacement reached 15mm.  It was modified as the bottle did not completely deform, so 
the procedure was changed to 10mm/min with completion when the load reached 44 .44N (10 
lbf)  The increase in strain rate showed a difference.  The load was applied uniformly all around 
the waist but in reality upon holding the bottle the load is applied by concentrated forces at 
discrete locations  
The design was again modified as shown in Figure 23 so that the force was applied at two 
particular locations.  Thick walled plastic cylinders (sharpie pen) of diameter 0.4” were cut and 
two pieces of 1” length were taken out and the edges filed to get a smooth finish.  They were 
attached on the Kevlar band using binding wire.  Using the modified set up, the tests was 
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repeated at 10mm/min strain rate.  The tests were repeatable; hence all the designs were ranked 
using the modified set up and test procedure.  
3.3 Top Load testing Procedure 
 
The 1 liter filled bottles were placed on a standard INSTRON set up as shown in Figure 24, and 
the compression platens were loaded at different strain rates until the bottle was deformed 
completely. 
 
Figure 24: Top load setup on Instron. 
3.4 Stretch Ratio Measurement Technique 
 
As discussed in section 1.5, injection molded preforms are stretched and blow molded to obtain 
bottles.  The ratio of distance between any two points after blowing to the distance between two 
points before blowing is known as the stretch ratio.  
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Injection molded preforms were collected from four different plants and markings were made at 
5 mm starting from the neck region along its length and blown in the respective plants, the 
designs of the bottles were different.  The distances between the markings on the bottle were 
measured using the paper scale and the stretch ratios were calculated for the different designs.  
Figure 25 shows the markings on the preforms and markings on the bottle.  
 
Figure 25: Markings on preform and bottle. 
3.5 Wall thickness Measurement techniques 
 
Wall thickness of the bottle changes along the length of the bottle so, uniform thickness cannot 
be assumed.  There is a need to measure the thickness distribution along the length to implement 
the thickness data in a finite element model.  A Magna Mike tool was used to measure the 
thickness.  The Magna Mike works on the principle of Hall Effect.  The setup of the equipment is 
shown in Figure 26.  The bottle was marked at every 5 mm along its length and a steel ball was 
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placed inside the bottle.  The Magna Mike wand was placed outside the bottle, the ball gets 
attracted to the wand once both wand and the ball are aligned.  The thickness value (distance to 
the ball) is displayed on the screen.  Three sizes of ball diameters 1/16”, 1/8” and 3/16” were 
available.  The ball size is selected according to the geometry of the object.  Larger ball size is 
preferred since accuracy is more, but when the geometry prevents from using larger ball, the 
smaller balls were used.  The thickness was measured at a point and along the length of the 
bottle; the results are plotted in the graph.  
 
Figure 26: Magna Mike setup for the measurement of wall thickness. 
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CHAPTER IV 
 
4. FINITE ELEMENT PROCEDURE 
 
Finite element analysis was used to assess the design and evaluate the performance with change 
in the design; it also provided a supporting method to the experimental methods.  ABAQUS 6.9 
was used as an FEA tool in this research.  The aims of the research were to assess the design on 
applying the top load to a 1 Liter bottle, develop a procedure to check the bending of the bottle, 
measure the effect of change in wall thickness on bending, assess variation of bending with 
change in design, and predict cylindrical hoop strain to evaluate the hoop strength measured 
from the newly developed fixture.  Each problem has different boundary conditions and material 
distribution, but the procedure followed for simulations would be similar.  Figure 27 outlines the 
procedure. 
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Figure 27: Finite element analysis procedure in ABAQUS  
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4.1 Part Generation 
 
The modeling of any simulation embarks on creation of parts involved in analysis.  Depending 
on the deformation behavior of the particular part in the analysis, the type of the part is selected.  
The available form of parts in ABAQUS are deformable, rigid solid; and deformable, rigid shell.  
Eulerian parts can be used to model liquid elements in Eularian analysis and Legrangian-
Eularian analysis.  The parts can be of exact size that match its real time objects or scaled 
depending on the requirement or accuracy needed.  They can be created in the part module or can 
be imported from other supporting software stored in formats such as “.IGES, .SAT, .STP”.  The 
entire model containing the part, model data can also be imported into ABAQUS.  The 1 liter 
model was imported as an “.inp” file and the 0.5 liter models were imported from the 3D 
scanned model developed in Rapid Works and saved as an “.IGES” format.  Imported parts 
cannot be edited. 
4.2 Meshing Techniques 
 
Generating meshes on parts was done in the mesh module.  The results of the analysis depend on 
the quality of meshing.  Meshing starts with assigning a seed on the parts.  This determines the 
mesh density at particular region of the part.  The part is seeded according to the complexity of 
the geometry, different seeding can be assigned to different regions of the part.  After seeding is 
assigned to the parts, the meshing operation is performed.  Structural meshing, swept meshing, 
bottom up meshing, and free meshing are the common meshing techniques used in ABAQUS 
6.9.  In all the simulations performed in this research, the free meshing technique was used.  Free 
meshing is unstructured, flexible and has a complex topology.  Element shape plays a major role; 
it determines what shape the meshes are.  Quad, tri, tetra and hexa are available mesh shapes in 
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ABAQUS.  Hexa mesh was used for all the simulations because of its accuracy and degrees of 
freedom. 
Assigning element types to the mesh region is a critical step, the type of element depends on type 
of analysis and the behavior of the part in analysis.  Element types can be assigned to part mesh 
and orphan mesh; it can also be changed once it is created.  Wide ranges of element types are 
available in Abaqus of which the shell element type was used for modeling bottles in all the 
simulations performed.  Shell elements are of two types; continuum and conventional shell 
elements.  Conventional shells are used when thickness is much less than other dimensions and a 
continuum shell is used when the thickness is in comparison with the other dimensions.  Figure 
28 explains the difference between the two shell elements.  Conventional shell elements were 
used to model bottles for all the simulations in this research.  After creating meshes, a mesh part 
is created so that the same part can be used for different purposes.  The mesh part created acts as 
an independent part with the same mesh attributes of the original part. 
Conventional shell model:
Geometry is specified at the reference surface.
Thickness is defined by section property
Structure Body being modeled
Continuum shell model:
Full 3D geometry is specified.
Element thickness is defined by nodal geometry
Displacement
degrees of freedom only
Finite Element Model
Element
Displacement and rotation
degrees of freedom only
 
Figure 28: Difference between continuum and conventional shell [21]. 
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4.3 Material Modeling 
 
Creation of material properties and assigning the material properties to the individual parts are 
discussed in this section.  This governs the nature of the final results hence, understanding the 
material properties and inputting accurate values is of high importance.  Properties assigned to 
the model are divided into four parts (a) General properties, (b) Elastic properties, (c) Plastic 
properties, and (d) Creep properties  
The general properties include density, depvar, and other properties from user subroutines.  Here 
only density (1335kg/m
3
) was entered, and was constant for the entire model.  Elastic properties 
can be defined as isotropic, orthotropic, anisotropic, and with engineering constants depending 
on the type of material.  This can be determined from stress strain curves or other mechanical 
testing.  In the 1 liter model case, the elasticity data, density were taken from the output of virtual 
prototyping software [74], this was of “engineering constants” type.  For the other 0.5 liter 
models, elasticity data was calculated from stress strain curves [82] and it was isotropic type.  
Plastic properties were assigned using a classic plasticity model.  The plastic properties for the 1 
liter model were taken from the output of the virtual prototyping software, and the same plastic 
data was used for the other 0.5 liter models.  Creep properties can be assigned using sub options 
in plasticity, POTENTIAL option in ABAQUS replicates a power law model of creep [20], the 
constants of the POTENTIAL option for the 1 liter model was taken from the virtual prototyping 
software, the average of same creep data was used for the other 0.5 liter models. 
After creating material data, sections have to be created for each material, defining their 
thickness attributes in the case of shell elements.  As the element type was “conventional shell,” 
the thickness of the element was the assigned thickness value.  The thickness values can be 
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assigned while defining the section or it can be assigned as nodal thickness or elemental 
thickness in a discrete field manager and then call that file while assigning thickness.  In the 1 
liter model, the thicknesses were defined for each node in a discrete field manager as the 
thickness values were taken from the output of virtual prototyping software.  There were 198 
sections with different material properties and different thickness values.  For the 0.5 liter 
models, the thickness values measured using a Magna Mike were used as input for defining 
sections.  There were 10 different sections with the same material properties but different 
thickness values. 
The next step was assigning the sections to the parts.  This can be done either by creating 
element sets in the input file or assigning sections individually to the part.  In the creation of 
element sets or nodal sets, they are created first and the sections are assigned to those nodal or 
elemental sets.  Whereas, in assigning sections individually, the mesh elements were manually 
selected in the view port and the sections were assigned to those elements.  In the 1 liter, model 
the sections were assigned by creating element sets in an input file, and for the 0.5 liter models, 
the sections were assigned manually in the view port. 
4.4 Step Module 
 
The type of analysis is assigned in this section.  In all the FE problems there is at least two steps.  
One is the initial step, which is the default step.  All the initial boundary conditions are defined in 
the initial step.  The second step is the analysis step, which is chosen according to the type and 
complexity of the problem.  In this research, the bottle buckles and a transient response is 
required; hence dynamic explicit mode was chosen.  The total step time, increment [number of 
time steps/ interval], and mass scaling factor [Reduces the net mass used for simulation.  It does 
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not affect the simulation results.  Reducing the mass scaling factor increases the simulation time] 
were defined in for the dynamic explicit step. 
4.5 Contact formulations 
 
The interactions between the multiple parts in an assembly are defined by contact formulation.  
Considering all available algorithms in ABAQUS, a general contact algorithm was used to define 
the contact between the rigid plates and bottle in the top load simulation of the 1 liter model.  
This contact method supports multiple contacts, simple to define, and fewer restrictions on 
elements.  Surfaces are predefined in the part region and the surfaces which are in contact were 
selected in this region.  The interaction properties must also be defined in this section.  In this 
model, the interaction properties were; frictionless contact for tangential behavior and hard 
contact for normal behavior. 
4.6 Boundary Conditions 
 
The boundary condition is one more important factor which governs the output of FEA; a 
thorough understanding of the boundary conditions is required to get good results.  The load and 
boundary conditions are assigned in this section.  The boundary conditions also depend on step; 
they can be modified in each step.  In the case of dynamic explicit analysis, the amplitude must 
be predefined in assigning displacement boundary conditions in an analysis step, amplitude 
ramps the load and prevents impact loading [75, 83].  
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4.7 Constraints of specific Problems 
4.7.1 Hoop strength of the cylinder 
 
In this case three designs of cylinders were modeled with shell elements of 1 mm thickness, the 
first design (a) was only a cylinder, the second design (b) was a cylinder with a 0.2 mm rib at the 
center, and the third (c) design was a cylinder with 0.3 mm ribs.  Elastic, general properties of 
PET were assigned to the model. Standard simulations were performed.  A pressure of 1 MPa 
was applied to all the designs as shown in Figure 29. 
Design (a)  7mm 
diameter, 25 mm 
height
Design (b)  7mm 
diameter, 25 mm 
height with 0.2mm 
deep rib , 1 mm 
height of rib at 12 
mm from each side 
Design (c)  7mm 
diameter, 25 mm 
height with 0.3mm 
deep rib , 1 mm 
height of rib at 12 
mm from each 
side 
X
Y
 
Figure 29: Models of cylinders considered for the hoop strength. 
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4.7.2 1 liter Model Top load 
 
Part Generation: 1 liter Bottle was imported to ABAQUS in “.inp format” and the plates were 
modeled in ABAQUS using an analytical rigid model.   
Meshing: The model imported was of orphan mesh type so no manual seeding and meshing was 
required, the mesh was of shell element “S4R” type and the plate was modeled with analytical 
rigid elements, so no meshing was required, since it does not undergo deformation.  Membrane 
which simulates an intersection layer for air and water in the bottle was meshed with M3D8R 
membrane elements which can stretch infinitely. 
Material Modeling: The material properties include general, elastic, plastic and creep properties, 
the material properties were changing along the length of the bottle and are of the form shown 
below.  
Properties: 
General properties: 
Density: 1335 kg/m
3 
Elastic properties: 
Elastic properties are assigned in the form of engineering constants 
E2 (MPa) E1(Mpa) E3(MPa) ν11 ν22 ν33 G12(MPa) G23(MPa) G13(MPa)
1254.74 1345.39 1254.74 0.4 0.4 0.4 448.12 480.5 448.12  
Table 2: Elastic properties. 
 
Plastic Properties: 
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Table 3: Plastic properties. 
Creep properties: 
R11  R22  R33  R12 R13 R23  
0.993 1 0.993 1 0.993 1 
      
Table 4: Creep Properties. 
Membrane properties:  the intersection layer of water and air.  The properties of this layer were 
Density = 1.189 kg/m
3 
Bulk Modulus = 1.42 X10
5
 Pa; Poisson’s Ratio= 0.5 
Plates were considered to be rigid—no mechanical property needs to be assigned.  
The thickness distribution was also taken from virtual prototyping.  The sections were assigned 
by creating element sets and assigning the respective properties and thickness data to the sets 
created.  
STEP Module:  Dynamic explicit analysis was chosen with a time period of 5 and mass scaling 
factor of 2E5. 
Contact formulations:  The surfaces were created for the plate, top region of bottle, bottom 
region of bottle.  The general contact algorithm was used to define the contact between the plates 
and bottle. 
Boundary Condition: The boundary conditions were as shown in Figure 30.  The bottom plate 
was fixed in all directions.  The top plate was fixed in all directions, except in the Y (vertical) 
direction.  The displacement was given in the Y direction with the amplitude defined such that it 
Yield stress (MPa) Plastic Strain  
75.49 0 
155.26 0.928 
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ramps up with load.  A pressure of 1 atm was given to the internal section of bottle and the 
amplitude was defined to control the change in pressure with deformation. 
Displacement 
given to this 
plate
Fixed Plate
X
Y
 
Figure 30: Boundary conditions for top load of 1 liter model. 
 
4.7.3 1 liter Bending model 
 
The model which was used to check the top load performance was also used to check the 
bending performance so, the part, meshing, material properties were the same.  The step and 
boundary conditions were assigned as follows: 
STEP Module:  Dynamic explicit analysis was chosen with a time period of 2 and mass scaling 
factor of 2E5. 
Boundary Conditions: The boundary conditions were as shown in the Figure 31.  The bottom of 
the bottle was fixed in both rotational and translational directions.  Amplitude was defined to 
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ramp up the load.  The middle node at the top was given a displacement of 11.5 mm (H sin 3 
and” H” is height of the bottle), with the defined amplitude in the X direction. 
Fixed Base
Horizontal 
Displacement given 
to the central node
X
Y
 
Figure 31: Boundary conditions for bending of 1 liter bottle.  
 
4.7.4 0.5 liter models for Bending 
 
Part generation: The 3D scanned models are imported as “.IGES” to ABAQUS. 
Meshing techniques:  All the parts were seeded according to their shape and the free meshing 
technique was used to mesh the parts.  Convention shell elements “S4R” were assigned.  
Material properties: The material properties include general, elastic, plastic and creep properties, 
the material creep and plasticity properties are same as the properties defined in 1 liter model the 
general and elastic properties are taken from Bandla [82]. 
The thickness distribution was taken from data measured using a Magna Mike.  The sections 
were assigned manually by selecting regions.  The thickness was assigned to the respective 
regions. 
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STEP Module: Dynamic explicit analysis was chosen with a time period of 2 and mass scaling 
factor of 2E5.   
Boundary Conditions:  The boundary conditions were as shown in Figure 32.  The bottom of 
the bottle was fixed in both rotational and translational directions.  Amplitude was defined the 
same as for the 1 liter model.  The middle node at the top was given a displacement of 9.2 mm 
(H sin 3 and” H” is height of the bottle), with the amplitude defined in the X direction. 
Horizontal displacement 
given to the central node  
Fixed Base
X
Y
 
Figure 32: Boundary conditions for 0.5 liter bending. 
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CHAPTER V 
5. RESULTS 
5.1 Hoop strength Testing Results 
5.1.1 Hoop strength using fixture  
 
The results showed load displacement curves obtained from the experiment (shown in Figure 
23).  Overall, 8 different designs were considered for testing; design A had two different 
processing conditions and two different orientations.  Each design showed different stiffnesses.  
Multiple samples were tested for each design of the bottle.  The initial results of 2 designs shown 
in Figure 33 were conducted using the initial fixture design with a 2mm/min strain rate.  Later 
the strain rate was increased to 10mm/min and those results are as shown in Figure 34.  Figure 
35 shows the results with a 10mm/min strain rate and the modified set up.  
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Figure 33: Hoop strength results using 2mm/min strain rate.
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Figure 34: Hoop strength results using 10mm/min strain rate. 
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Figure 35: Hoop strength results of all the designs using modified fixture. 
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After plotting load displacement curves, the slopes are calculated for only elastic regions of each 
curve.  Slope better is proportional to stiffness hence the designs are ranked according to their 
slope.  The slopes are shown in Figure 36 and ranking is shown in table (5). 
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Figure 36: Slopes of the designs based on hoop strength. 
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Rank Bottle Slopes (N/mm) Weights (gms)
1 Design G 1.4738 8.61
2 Design C 1.404 8.5
3 Design E Round base 1.378 8.54
4 Design F 1.3603 9.17
5 Design D 1.294 9.17
6 Design A Process2 Orientation 1 1.2534 8.5
7 Design E Stoke base 1.253 8.54
8 Design A Process 1 Orientation 1 1.189 8.5
9 Design A Process 1 Orientation 2 1.124 8.5
10 Design B 1.094 8.5
11 Design A Process 2 Orientation 2 0.9285 8.5  
Table 5: Ranking and weights of the designs according to the hoops strength of the designs. 
5.1.2 Cylindrical hoop results 
 
Figure 37 shows the results of the hoop deformations.  The hoop strength of the cylinders is 
compared in terms of hoop deformations.  The results are compared with the results of hoop 
strength test of the bottles. 
Design (a)  7mm 
diameter, 25 mm 
height
Design (b)  7mm 
diameter, 25 mm 
height with 0.2mm 
deep rib , 1 mm 
height of rib at 12 
mm from each side 
Design (c)  7mm 
diameter, 25 mm 
height with 0.3mm 
deep rib , 1 mm 
height of rib at 12 
mm from each side  
Figure 37: Simulation results of hoop deformations (mm) of three cylinders. 
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The hoop strength testing results are shown in the Table 5.  We see a significant change in the 
stiffness of the designs, the Figure 33 shows the results with free compression with slow strain 
rate and Figure 34 shows the results of free compression with high strain rate, if we compare 
these results with the results on Figure 35 which was conducted using the modified strip that is 
applying force in concentrated locations, the ranking of the bottle designs does not change. 
The main difference in designs is the change in shape of the ribs, design (G) had three columns, 
designs (A, C, E) had deep ribs and designs (F, D, B) had normal ribs, the design with deep ribs 
showed better performance compared to the design with less deep ribs; the design with no ribs 
showed best performance compared to other results. 
Simulations were performed by applying pressure to the surfaces as shown in the Figure 37 to 
the normal cylinder, cylinder with normal ribs, cylinder with deeper ribs.  The cylinder with no 
ribs showed better hoop performance followed by a cylinder with deeper ribs and with narrow 
ribs respectively. 
From the results of simulations and the experiments, if the load is applied at concentrated 
locations, the hoop strength of the bottle depends on the shape of the ribs.  The change in 
processing history also shows a difference in hoop strength, the orientation of the bottle also has 
an effect in the hoop strength as shown in Figure 35. 
5.2 Stretch ratio measurements 
 
The stretch ratios were measured for four designs using the technique described in section 
(3.2.3).  Five samples were measured for each design and the thickness was measured at the 
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stretch marks, see section (3.2.4).  The plots show the results of stretch ratio and the thickness at 
those markings.  Table 6 shows the weight of the preform. 
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Figure 38: Stretch ratios at different positions of the bottle.  
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 Figure 39: Thickness values at the stretch markings. 
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Table 6: Weights of the designs of stretch marked bottles. 
 
Different designs have different stretch ratios.  The design S1 (9.89gms) starts with low stretch 
ratio, increases till the position 3, decreases till position 6 and increases again till position 9.  The 
design S2 (12.45gms) starts with low stretch ratio increases until position 3, decreases at position 
four and increases until position 9.  Design S3 (9.71gms) starts with low stretch ratios and 
increases till position 3, maintains constant stretch ratios until position 5, increases at position 6, 
decrease at position 7, and increases till position10.  Design S4 (9.16gms) starts with low stretch 
ratio and increases until position 3, decreases until position 5, increases until position7 and 
increases until position 9.  The thickness changes exactly in the reverse trend of stretch ratios for 
all the designs.  Overall the trend follows starting with low stretch ratios at the beginning and 
increasing till position 3 and after position 3 different designs follow different trend.   
5.3 Wall thickness measurements 
The wall thickness of the bottle changes along its length.  Figure 40 shows the wall thickness 
measurements of 1 liter and 0.5 liter bottle. 
 
Bottle Design Preform Weight (gms)
S1 9.89
S2 12.45
S3 9.71
S4 9.16
65 
 
 
0
0.1
0.2
0.3
0.4
0.5
0.6
0 5 10 15 20 25 30
T
h
ic
k
n
e
s
s
 (
m
m
)
Distance from neck region (cm)
1 liter botle
0.5 liter bottle
 
Figure 40: Wall thickness measurements of 1 liter and 0.5 liter bottles. 
5.4 Top Load of 1 liter Model 
5.4.1 Experimental results of top load 
 
The results shown in Figure 41 show the experimental top load results, the experiments were 
performed at different strain rates, the bottle undergoes elastic deformation followed by failure 
and a plastic region with hardening, the main aim to perform in this experiment was to check the 
results until the initial failure and attempt validation of the simulation. 
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Figure 41: Experimental results of top loading on 1L bottle.  
5.4.2 Top load simulation results 
 
The simulation was carried out using the model, material data specified in the section (4.7.1). 
The top load was done for filled bottle.  Figure 42 shows the stress distributions and the load 
displacement curve. 
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Figure 42: Top load results of a full 1 liter bottle. 
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During top loading of a bottle, the stresses vary in the design during the simulation.  As seen in 
Figure 42, in stage 1 the stresses are focused in the shoulder region, during this stage the stresses 
immediately shift to the ribs in the label panel; in stage 2 pressure in the bottle increases hence 
the base starts deforming; in stage 3 the stress concentration shifts to the center of the bottle, this 
region takes the maximum load before the actual deformation of the bottle.  In the final stage, the 
stress concentration shifts back to the shoulder region, the bottle starts deforming near the neck 
region and the load starts to fall in this stage.  
Overall performance of the bottle depends on strength of all the regions of the bottle as stresses 
shift over the bottle but, the actual deformation of the bottle starts below the neck region. 
5.5 Bending Results of 1 liter model (Bending vs. Wall thickness) 
 
The simulations were performed using the model and procedure stated in section (4.7.2).  The 
wall thickness was changed three times.  In the 1
st
 case, the model with the original wall 
thickness was leaned to 3 degrees.  In the second case the wall thickness of entire model was 
increased by 0.1mm.  In third case the wall thickness of the entire model was increased by 
0.3 mm.  In case 4 the wall thickness of entire model was reduced by 0.05mm.  The results show 
a significant change in performance. 
69 
 
0
1
2
3
4
5
6
7
0
5
10
15
20
25
30
35
0 2 4 6 8 10 12 14
L
o
a
d
 (
lb
f)
L
o
a
d
 (
N
)
Displacement (mm)
1
2
3
Load Displacement Curve
1 . Maximized local buckling 2. Stress shift to different rib from 
1st buckling point, which cause rise 
in load
3 . 2nd buckling  Stress Distribution (MPa) 
after complete simulation
X
Y
 
Figure 43: Results of 1 liter original model uponbending.
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In this process the stress concentration varies during Bending.  Figure 43 shows the results of the 
original model upon bending. 
 In stage 1 the stresses are focused in ribs near label panel. 
 Middle region starts buckling and from stage1 to stage 2 the load starts falling. 
 In stage 2 the buckling ends and the stress shifts its focus in different region hence the load 
starts raising until stage 3. 
 In stage 3 buckling causes in fall in load. 
 After bending, the stresses are distributed in the waist and bottom region of the bottle. 
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Figure 44: Results 1 liter model  with 0.1 mm increase in thickness upon bending.
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For model 2 (a 0.1 mm increase in thickness) due to the increase in wall thickness, the critical 
load before buckling increased compared to model 1, as seen in Figure 44. 
 In stage 1 the stress concentration areas were focused at the ribs near label panel and the 
waist region started buckling; there is a slight rise in the curve due to shifting of stresses in 
different regions. 
 The buckling continues until stage 2, and the load started falling; in stage 2 the buckling 
ended and the stresses started shifting focus in different regions; hence the load started rising 
again until stage 3. 
 In stage 3, buckling caused the load to fall but, here the peak load before the 1st buckling was 
less than the peak load before the second buckling. 
 After buckling in stage 3 there was again a rise in load due to a shift in stresses to different 
regions.  
 At the end of bending, the stresses were distributed on the ribs near label panel, the middle 
region, and the bottom of the bottle. 
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Figure 45: Results 1 liter model  with 0.3 mm increase in thickness upon bending.
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In model 3 (0.3 mm increase in thickness), due to the increase in wall thickness the critical load 
before buckling was increased again compared to models 1 and 2, as seen in Figure 45. 
  In stage 1 the stresses were focused at the ribs near label panel but, at the same time they 
were distributed in the rest of the regions of the bottle. 
 The waist region started buckling and the load fell until stage 2, but the load did not go to 
zero as the stress concentration regions shifted before the load reached zero. 
 In stage 2, the buckling ended and the stresses started shifting focus to different regions; 
hence the load started rising until stage 3 as was seen earlier. 
 Buckling occurred and there was an immediate shift of stress concentration regions so the 
load started rising. 
 At the end of bending, the stresses were distributed in the ribs near the label panel, the waist 
region, and the bottom of the bottle. 
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Figure 46: Results 1 liter model  with 0.05 mm decrease in thickness upon bending.
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In model 4 (0.05 reduction in thickness), due to the decrease in wall thickness, the critical load 
before buckling was less compared to model 1, 2 and 3 as seen in Figure 46. 
 In stage 1, the stresses were focused at the ribs near label panel, buckling occurred. 
 From stage 1 to stage 2, the load started falling. 
 In stage 2, the buckling ended and the stresses started shifting in different regions; hence the 
load started rising until stage 3.  
 In stage 3, buckling caused a fall in load. 
 At the End of Bending, the stresses were distributed in the waist and bottom region of the 
bottle. 
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Figure 47: Comparison of load displacement curves of 1 liter models on bending. 
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Figure 48: Effect of Change in wall thickness  
The final stress distribution in the bottle did not show any trend with change in wall thickness 
since it depends on how and where the bottle is deforming on all the intermediate stages during 
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the Bending process.  However, in model 1 and model 4 the stresses at the end were more 
concentrated in one particular region, whereas in model 2 and model 3 the stresses were 
distributed all over the bottle.  If the wall thickness is very less the stresses shift from one region 
to the other more easily, and at the end, the stress concentration is far away from the region 
where the load is applied.  In contrast, when wall thickness is more, the stresses will not shift 
from one region to other initially, but at the end, the stresses are distributed all over the bottle.  
Figure 47 shows the load displacement curves of all the 1 liter models on bending. 
The load until the 1
st
 critical buckling increases with an increase in thickness, as seen in Figure 
48.  The slope of line 1 was 19.36, line 2 was 18.13, and line 3 was 29.45.  The slope is not 
uniform.  It gradually decreases with increasing wall thickness. 
5.6 Bending vs. change in Design 
3D scanning was performed on the bottles as discussed in section (4.7.4) and imported to FEA to 
study the performance of designs on bending the results show how four different designs 
undergo deformation during bending.  
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Figure 49: Results of design L1 upon bending. 
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Results of the design L1 as shown in Figure 49 infers following. 
 In stage 1, the stress started acting in the shoulder region, shifted its focus to the ribs in the 
label panel after some delay; then buckling initiated in one of the ribs. 
 In stage 2 buckling ends, the stresses shift focus to a different region and then the load rose 
till stage 3. 
 In stage 3, buckling initiated and load falls; this process follows. 
 In the stage 4, the load was constant with increase in displacement.  
  In stage 5, the end the buckling initiated and concentrated near the waist region of the bottle. 
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Figure 50: Results of design L2 upon bending.
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Results of design L2 are as shown in Figure 50 and infers following 
 In stage 1, the stresses started at the neck region and immediately transfer to the ribs in the 
label panel and buckling initiated. 
 In stage 2, the buckling ended, in this region, stresses shifted to different regions and the load 
increased. 
  In stage 3, the buckling initiated and the bottom portion started deforming.  The stresses 
started shifting focus.  Buckling initiated in different regions, and there was a significant 
deformation near the bottom region. 
 In stage 4, the buckling ended and the load was raised. 
 In stage 5, the buckling occurred in the same location as the deformation increased.  On 
further bending and at the end, the bottle deformation was focused on the bottom region of 
bottle. 
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Figure 51: Results of design L3 upon bending.
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Results of the design L3 as shown in Figure 51 suggest: 
 In stage 1, the stress started acting in the shoulder region and shifted focus to the ribs in the 
label panel without delay; buckling was initiated in one of the ribs. 
 In stage 2, buckling ends, the stresses shifted focus in different regions (both in above and 
below the initial deformation region) and then the load increased until stage 3. 
 In stage 3, buckling initiated and the load fell.  This process continued and buckling occurred 
in the bottom region of bottle. 
 In the stage 4, the load was increases as buckling shifted from the lower to the middle region.  
During this process there was a shift in the stresses. 
  In stage 5, the end of buckling initiated and concentrated near the bottom region and the 
waist region. 
 At the end, buckling was focused in both the waist and lower regions. 
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Figure 52: Results of design L4 upon bending.
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Figure 52 shows the results of the design L4 and the following was observed from the results: 
 The stresses started acting in stage 1 and transferred to the ribs near the label panel region 
without delay.  Buckling started in one of the ribs and then the load started falling.  
 In stage 2, the stress started shifting focus to different regions, load increased until stage 3. 
 In stage 3, the middle region started buckling, load fell until stage 4. 
 In stage 4, load started increasing. 
 In stage 5, buckling completed at the end.  The significant deformation was near the waist 
region of the bottle, and slight deformation was observed at the lower region of bottle. 
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Figure 53: Comparison of load displacement curves of all 0.5 liter models on bending. 
 
Overall, the load deflection curve fluctuates due to constant shifts in stress concentration regions, 
the 1
st
 critical buckling was more for design L4 followed by L3, L1, and L2 respectively.  Figure 
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53 shows the comparison of load displacement curves for all the designs.  The ultimate region of 
deformation due to bending depends on the shape, angle of the shoulder region, and ribs near 
label panel. 
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CHAPTER VI 
6. DISCUSSION 
 
Assessing the structural performance of PET bottles and correlating with the process parameters 
is one of the interests in the beverage packaging industry.  Polyethylene Terephthalate is semi 
crystalline and has the ability to undergo strain induced crystallization.  During ISBM, the 
process used in making bottles, the preform undergoes stretching and blowing simultaneously.  
Overall, the bottle has non-uniform thickness and material properties along its length.  A change 
in design leads to a change in distribution of properties and hence the structural performance of 
the bottle.  
Top load, bending, and hoop strength tests were performed to check the structural performance 
of bottles.  Top load testing was performed on filled 1 liter bottles to assess the structural design 
and validate the Finite Element Model with experimental results.  Bending analysis was 
performed on the validated 1 liter model to check the stress along the bottle and the load 
variation while bending.  The wall thickness of the bottle was changed four times to see the 
response in stress and load displacement curves for the 1 liter model.  The same method of 
bending was implemented for 0.5 liter designs.  As a part of this, 3D scanning technology was 
being to make CAD models from finished parts and import them to FEM, four different designs 
were imported form CAD, and bending was performed maintaining a constant wall thickness for 
all the designs.  Hoop strength tests were performed on nine different designs to check the
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 stiffest design.  Apart from the structural performance tests, stretch ratios for four different 
designs and thickness at the stretch markings were being measured as an attempt to correlate 
stretch ratios, thickness, and structural performance.  
6.1 Validation of Top load: 
 
The experiments were performed at different strain rates.  With an increase in strain rate there is 
an increase in apparent stiffness.  Some differences between experimental results can be due to a 
change in wall thickness distribution from bottle to bottle.   
When comparing the results of the experiment and simulations, during the initial stage (until load 
reaches 300 N) the simulation results were in correlation with the experimental results.  After 
350 N, the base started deforming and bulging occurred, there was a slight deviation here.  The 
peak load before failure in the finite element model was less than the actual case.  This might be 
due to several factors.  The simulation was stopped at 9.5 mm, but at that displacement the 
simulation load was higher than that of the experiment.  That is, after buckling the load was 
dropping slowly.  In addition, how accurate the material thicknesses were measured on the 
bottle, it will contribute some error.  This might also be a reason for discrepancies between 
simulation and experimental results. 
Though the model was unable to predict certain phenomena, it predicted the deformation regions 
and the pattern of the load displacement curve.  In addition, if we compare this model to a 
previous model [Ing and Chittepu], the difference between the simulation and experiment 
similar.  Figure 55 shows the difference between the present work and previous models 
developed.  
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The results shown in Figure 54 show the comparison of experimental and simulation results, the 
results show that the finite element model correlates well with the experimental results. 
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Figure 54: Validation of experimental and simulation of top load. 
 
6.2 Relating Results of top load, bending, hoop strength to Design 
 
From the simulation and experimental results performed in this study, design shows a significant 
effect in performance of the bottle.  The change in design features included the angle between 
the neck and shoulder, bell curves on shoulder, ribs in the label panel, waist region (symmetric or 
asymmetric) and change in lower shape.  Wall thickness was also a key factor in design, and 
determined the performance.  Increasing the wall thickness leads to an increase in weight of the 
bottle.  Bending and hoop strength have an effect in design, and have been studied in this 
research. 
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Bending depends on thickness of the bottle but only until the 1
st
 critical buckling point.  The 1
st
 
critical buckling load increases with an increase in thickness, but after the 1
st
 critical buckling 
ends, it depended on where the stress concentration was shifting as the load again increased.  
Depending on that, for instance, the 2
nd
 peak load of model 4 was less than its 1
st
 peak load.  The 
non-uniform trend of bending vs. thickness can also be due to a change in the material properties 
and wall thickness along the length of the bottle. 
With a change in design, the main difference in bending performance is the change in 
deformation regions of the bottle.  This difference is due to the change in stress distribution 
during the bending process.  If the angle between the neck and shoulder is more, the stresses shift 
slowly to the next region such as the ribs in the label panel.  The deep ribs in the label panel 
causes stresses to focus for a long period during bending and the final deformation occurs near 
the waist region.  The bell curves in design L1, L3, L4 are of a similar kind and in these designs, 
after the second stage, the stresses were also distributed in the bell curves of the shoulder region 
apart from the lower region.  Whereas, in design L2, the bell curves were of a different shape.  
Once the stresses reach the label panel in the second stage, the stresses only transfer to the lower 
region.  They did not shift back to the shoulder region.  Overall, the final deformation will occur 
in the waist the intersection of the waist, and the lower region of the bottle.  If the design has 
deep ribs near the label panel or more neck-shoulder or more shoulder area, the combination of 
the three may shift the region of deformation at higher locations in the bottle.  If the design has 
less deep ribs, less neck shoulder-region, less shoulder area, then the deformation occurs in the 
bottom region of the bottle.  The bottles are stored in pallets so, if the deformation occurs in the 
bottom region any additional load would damage the bottle in the lower row and there is a 
chance of collapse for other bottles since the angle of inclination is more.  If the deformation is 
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in the waist region, the angle of inclination is less and there is less movement to the bottles in the 
higher rows of the pallet.  So the main aim in designing the bottles to withstand bending is the 
deformation during bending must be as high axially as possible along the bottle. 
In hoop strength testing, the deep rib designs show better performance compared to other 
designs, the design with 3 large columns showed the best results.  The symmetric and 
asymmetric shapes in the waist and lower region were also considered in the performance 
because the asymmetric design leads to two different orientations of the bottle.  The results vary 
in two different orientations.   
 
6.3 Reliability of FEM results 
 
The finite element analysis results of plastics are often wrong when compared to FEA results of 
normal metals, since there is a lag in incorporating polymer properties to the codes.  
Additionally, the strains of normal elastic metals would usually be less than 3-4%.  In contrast, 
polymers have large strains.  However, numerous codes and elastic-plastic, viscoelastic material 
models have been developed in the past three decades, as discussed in chapter 2.  The user has to 
use the respective material model, even if they are dealing with plastics in the elastic region, to 
avoid errors due to large deformations.  Deformations are the primary output of any finite 
element code from which strain is calculated.   Stresses are then calculated depending on contact 
formulations and the material model.  The simulation results on plastic parts are generally 
evaluated based on deformations, strains, and load-displacement curves; rather than stresses and 
stress-strain curves to avoid miscalculations due to errors in material models.  Overall, thorough 
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knowledge of material models is necessary before the finite element model is built.  This avoids 
possible errors in the analysis of plastic parts. 
In the case of bottles made of PET or any other material, the process dependent parameters also 
come into account.  As discussed in previous sections, the performance of the bottle depends on 
process parameters.  The reliability of the FEM also depends on how the process dependent 
parameters are considered in the finite element model to analyze the model.  Chittepu, et al., 
performed top load simulations of a PET bottle in LS DYNA software using the piece wise linear 
plasticity model as a material model.  Figure 11 shows the correlation between simulation and 
experiments.  There is an excellent correlation in the elastic region and the correlation decreases 
after first buckling, since the material behavior of PET is complex after buckling and the material 
model could not predict post buckling behavior.  Overall the results have a good correlation 
between simulation and experiments.  The extreme correlation can also be due to good 
performance of the software and the geometry of the bottle is simple.  Ing, et al., performed 
simulation on PET bottles.  The advantage of considering process dependent parameters was 
explained.  The simulations were performed in ABAQUS software.  The initial simulation was 
performed by considering a uniform modulus and five different thicknesses along the bottle.  In a 
second case an integrative approach was used.  The bottles were made with defined stretch ratios 
and tensile testing was performed in different locations and the correlation between stretch ratio 
and stretch ratio dependent material properties were plotted, as shown in Figure 57.  Polynomial 
curves were fitted along the points.  Hence, the stretch ratio dependent indirectly process 
dependent material properties were considered for the simulation.  Figure 12 shows the 
comparison of measured and two simulated results.  The integrative approach correlated better 
compared to the conventional model.  The geometry here was a simple geometry.  Integrative 
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approaches have a good correlation with measurements.  However, including the complex 
material models for plastic and viscoelastic behavior of PET along with the process dependent 
properties would give better results.  In this research, the material data including elastic, plastic, 
and creep properties along with varying wall thickness data obtained from virtual prototyping 
was included.   The simulation and the experimental results correlated well with experimental 
results.  However, the geometry of the bottle considered here was complex.   
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Figure 55: Comparison of validations of present work with chittepu, Ing’s results [73 &75]. 
 
6.4 Effect of simulation results with increase in time steps 
 
The dynamic simulations work with providing time response of each output.  The number of 
time steps or intervals will decide the detail of the output.  So, the number of intervals must be 
selected according to the details required for the simulations.  Figure 56 shows the difference in 
load displacement curves with three different time steps.  The simulations were performed for 2 
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sec.  For 20 time steps, the output was provided every 0.1 sec; for 100 time steps, the output was 
provided every0.02 sec; and for 1000 time steps, the output was provided every 0.002 sec.  An 
increase in the number of time steps needs more memory though the time required for the 
simulation is the same. 
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Figure 56: Change in load displacement curve of L4 design on bending with increase in 
time steps. 
6.5 Stretch Ratios and stability of the bottle 
 
By measuring the stretch ratios and the wall thickness at the stretch marks, the relation between 
the stretch ratio and wall thickness is obtained.  Figure 61 shows the dependency of stretch ratios 
and wall thickness in general, as the stretch ratio increases the wall thickness decreases.  Figure 
38 shows that the stretching is not uniform along the length of bottle, and there is a dependency 
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on weights of preform and shape of the bottle design.  Stretch ratios are low near the neck region 
and gradually increase until the middle region.  A more constant stretch ratio was observed in the 
middle region and then it depended on weight of the preform.  As one might expect, he average 
stretch ratios of the light weight preform was more than the heavy weight preform.  
The stretch ratios can be correlated to crystalinity and material properties.  During stretching 
PET molecules undergo strain which induces crystallization.  Strain induced crystallization leads 
to an increase in crystalinity, which in turn leads to an increase in material properties, such as the 
modulus [23-32].  Figures (58, 59) also show that, with an increase in stretch ratio, there is an 
increase in modulus.  Hence, if the thickness is less, the stretch ratios are more along the length, 
which increases the mechanical properties of the bottle.  Hence if light weighting of bottle is the 
criteria, then the stretch ratios must be increased to make a bottle with better performance. 
 
Figure 57: Axial secant modulus vs. stretch ratio[75]. 
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Figure 58: Circumferential secant modulus vs. stretch ratios [75]. 
Figure 59, shows the standard deviation of the four designs considered for stretch ratio 
measurement and thickness.  The standard deviation increases with increase in weight of 
preforms. The standard deviation also explains that even if the bottle is of same design there 
would be the difference in stretching and thickness distribution, deviation is less in position 1 
and more near positions 7, 8 and 9. 
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Figure 59: Standard deviation of stretch ratios. 
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Figure 60: Standard deviation of wall thickness. 
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Figure 61: Stretch ratio vs. wall thickness. 
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6.6 Assigning material properties 
 
From the previous discussions, using good material models and process dependent parameters 
are the key factors for determining the reliability of FEM results.  Apart from that, there are 
different ways of assigning these material properties and implementing material models which 
are also important factors.   
The conventional way of implementing the material properties is by conducting standard 
experiments and measuring the modulus.  Then considering a constant modulus throughout the 
model; measuring the wall thickness along the length of bottle and implement around 5 different 
values in the finite element model. 
Assigning can also be done by correlating stretch ratios and stretch ratio dependent material 
properties.  Fitting a polymer curve as performed by Ing et al., even in this case the modulus was 
initially calculated by the experimental findings.  The thickness values and the stretch ratio 
dependent material properties are assigned to the respective nodes of the model in the input file 
of the model.  A subroutine can also be implemented to assign stretch ratio dependent material 
properties.  However, only an elastic modulus was correlated with stretch ratios.  Creep 
properties, plasticity properties, and other complex behavior of polymers were not yet correlated. 
In virtual prototyping, the constitutive models developed to study the polymer behavior is 
considered, the process parameters effecting the properties of a material are considered and these 
constitutive models are correlated to the geometry of the body.  Hence the geometry is divided 
into nodes and the material data and thickness data are assigned to nodes.  The user has to divide 
the geometry into the respective nodes, divide the nodes into different sets, and assign the sets 
with respective material properties and thickness values.  This method is the most accurate when 
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compared to the other methods of assigning material properties, since there is correlation 
between material models, thickness, process parameters and geometry.  
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CHAPTER VII 
7. CONCLUSIONS 
 
A method for determining structural performance of PET bottles was developed in this research. 
Hoop strength testing 
Hoop Stiffness testing was done on different designs, the following were inferred conclusions  
 The stiffness of the bottles ranged from 0.92875 N/mm to 1.4738N/mm which is a significant 
variation between the designs.  
 The squeze performance does not depend solely on the weight of the bottle; it depends 
heavily on the shape of the bottle. 
 Designs with deeper ribs showed better performance compared to the same designs with less 
deep ribs, designs with three columns showed the best performance here compared to other 
designs.  The same was observed from the simulation results on cylinders. 
 A change in processing history of the same design also affects the squeeze performance. 
 Different orientations of the asymmetric bottle showed changes in stiffness. 
Top Load Simulation  
 The dynamic simulation of the top loading of a bottle gave the step by step response during 
the deformation.
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 The stresses started acting from the shoulder region and went to the middle region.  The base 
started deforming in the second step.  The stresses shifted focus to the middle region; later 
the stresses again shifted below the neck region, and the load started falling once the region 
in the neck started deforming. 
 The Finite element model results were validated with experimental results. 
 The correlation between the simulation and experimental work in this research was also 
comparable with the correlation between simulation and experimental work of other 
researchers.  
Bending vs. Wall thickness 
The validated finite element model for top load was considered for bending simulations, the 
simulation results showed the following conclusions. 
 With an increase in wall thickness of the bottle, the bending performance increases, but only 
until the 1
st
 critical load.  After that, the performance depends on how the stresses are 
distributed in the bottle. 
 If the wall thickness is less, then the stress concentration areas are more focused in one area 
on the bottle.  With an increase in wall thickness the stress were distributed more evenly over 
the bottle. 
Bending Vs Change in Design 
The bending procedure on the 1 liter model was implemented on the 0.5 liter models.  The 
models which were imported from 3D scanning-rapid works-CAD to FEM were considered for 
bending the results and showed the following conclusions. 
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 The bending is different for different designs, the dynamic simulations show step by step 
response to bending. 
 During bending stress distribution starts at the shoulder region, shifts to ribs near the label 
panel, initial buckling occurs there, and then the final deformation was observed depending 
on the shape of the bottle. 
 If the bottle has more angles between the neck-shoulder region, the stresses were 
concentrated in shoulder region for more time and there was a lag in shifting stresses from 
the shoulder to the ribs near the label panel, and if the angle was less there was a faster shift 
from the shoulder region to the label panel. 
 If there are deep ribs in the label panel, the stresses focus here for more time before shifting 
to regions below the label panel. 
 The bell curve on shoulder region for design L2 is different from other designs; this curve 
prevents the stresses to transfer into this region after stage 2. 
 The final deformation region will occur in the waist, intersection of the waist and lower 
region of bottle.  If the design has deep ribs near label panel or more neck-shoulder or more 
shoulder area, the combination of the three may shift the region of deformation at higher 
locations in the bottle.  If the design has less deep ribs, less neck shoulder-region, less 
shoulder area, then the deformation occurs in the bottom regions of the bottle. 
 The load displacement curve fluctuates for 0.5 liter model because of the shift in stress 
concentration areas within the bottle. 
Stretch ratio-Thickness measurements 
 The stretch ratios and the wall thickness are inversely proportional. 
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 Stretch ratios are more for light weight bottles which can be correlated to the crystalinity, 
material properties and further form an explanation for the structural stability of light weight 
bottles. 
Overall conclusions 
Overall, hoop strength testing procedures were developed and gave a good way to measure the 
stiffness according the hoop strength, and shows details of the design play a significant role in 
stiffness.  The dynamic simulations of the bottle gave better understanding of the loading and 
stress distribution in the bottle, rather than relying on the final equilibrium shapes.  3D scanning 
technology provided a good way of building CAD models from finished parts, which was in turn 
used to compare designs.  There was a significant effect of design and wall thickness change on 
bottle overall performance.  The optimized design of bottle can be pursued from this work. 
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CHAPTER VIII 
8. FUTURE WORK 
 
With the optimized design developed from the results above, a similar method can be scaled up 
to simulate whole pallet performance, which helps in better understanding of the impact of 
design features on the performance of designs in pallets.  This work would be useful in industry 
applications.  Figure 62 shows a concept for modeling bottles stored in pallets in warehouses or 
transportation. 
In addition, improving material property inputs to the models is important.  Crystalinity can be 
measured on all the designs and correlate with the measured stretch ratios.  Crystalinity, wall 
thickness, geometry of the bottle, and process parameters impact the constitutive models for PET 
behavior on stretching.  A good next step is to develop a numerical model for the optimized 
design considering these parameters. 
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Figure 62: Finite element model of bottles in pallet packaging. 
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Scope and Methodology: 
 Light weighting of PET bottles not only reduces material usage but also minimizes the 
impact on the environment.  This has been a driving force behind optimization of designs.  
In the process of optimization, it is critical to evaluate the structural performance of 
bottles under different loading conditions.  During the manufacturing process, bottles 
undergo different kinds of loading.  FEM was implemented to study the structural 
performance of PET bottle designs manufactured using ISBM under the conditions of 
bending and hoop strength.  The behavior of a PET bottle under top loading was analyzed 
using FE modeling and validated experimentally.  The validated FE model was used to 
simulate bending under side load conditions.  Further, the effect of changes in wall 
thickness on bending was studied.  In order to understand the role of different structural 
features in reducing bending,  CAD models of four different finished parts were obtained  
using 3D scanning technology and were imported for FE analysis.  Hoop strength tests 
were also performed on eight different designs with different processing histories using a 
specialized fixture. 
Findings and Conclusions: 
 Outcomes of this work include a procedure to study the mechanical behavior of PET 
bottles under conditions of bending and hoop strength, the effect of wall thickness and 
design on the bottle behavior under bending, and a 3D scanning method leading to a new 
way of CAD modeling.  The imported designs were subjected to FE analysis.  The 
procedures can be generalized to many related engineering problems.  The study showed 
a significant change in bottle behavior with change in wall thickness and design. 
 
 
 
 
 
 
 
 
